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And God said, let there be lights in the 
firmament of heaven to divide the day 
from the night; and let them be for signs, 
and for seasons, and for days and years. 
 
Genesis 1, 14 Sunset @Noordwjik  
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VOC had astronomen aan boord. Die vertroken zijn uit Amsterdam …Consequently, It's no coincidence that the Dutch were actually the first to charter the skies in the Southern Hemisphere, during the Golden Age. It was very good science, yes, but having good sky charts also meant good money, good navigation. And surprisingly – stunningly at that time – cooperation between science and industry seemed to work without governments pulling the strings and without the need for a government telling scientists what to do via a “topsectorenbeleid”.Leids Kerkhoven-Bosscha FondsUntil today ITRF reference system fixed to precise measurements of stars and supermassive black holes.



Earth deforming spacetime – schematic view 
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Clocks here go 38 microseconds slower in a day, which means one second in 70 years. That doesn't sounds like much. Well, if you use your GPS today, and we did not correct for those deformation effects, you’d be off by ten kilometres after just one day Gravity is therefore no longer a force, but the deformation of space-time. For example, clocks here on earth run a bit slower than in a satellite orbiting 20,000 kilometres above us. This is simply because the earth’s mass deforms space-time. Clocks here go 38 microseconds slower in a day, which means one second in 70 years. That doesn't sound like much. Well, if you use your GPS today, and we did not correct for those deformation effects, you’d be off by ten kilometres after just one day. So again, space and time and astronomy have come together. And history repeats itself. We help to measure space and time, your 'TomTom' helps you to navigate safely through today’s’ urban jungle and a Dutch company is cashing in. 





Computer Simulation of a Black Hole 



Hubble Space Telescope (visual light) 
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Hercules A, 2.1 Milliarden LichtjahreThe galaxy is roughly 1,000 times more massive than the Milky Way and harbors a 2.5-billion-solar-mass central black hole Jets: 1.5 Mio LichtjahreObject Name:Hercules A, Herc A, 3C 348Object Description:Active Galaxy; Radio GalaxyPosition (J2000):R.A. 16h 51m 08s.15Dec. +04° 59' 33".32Constellation:HerculesDistance:2.1 billion light-years (637 million parsecs or redshift z = 0.156)		About the Data	Data Description:The image was created from Hubble data from proposal 13065: S. Baum and C. O'Dea (Rochester Institute of Technology) and J. Stoke and F. Lo (Associated Universities, Inc.).Instrument:WFC3/UVISExposure Date(s):October 8, 2012Exposure Time:1 hourFilters:F606W (V) and F814W (I)	About the Release	Notes:The VLA data are from the National Radio Astronomy Observatory observation project TDEM0011: R. Perley, W. Cotton, and U. Rao (NRAO/AUI/NSF). These data were taken August 2010 through September 2011. Frequencies 4-9 GHz were measured.Credit:NASA, ESA, S. Baum and C. O'Dea (RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and the Hubble Heritage Team (STScI/AURA)Release Date:November 29, 2012Color:This image is a composite of separate exposures acquired by Hubble's WFC3 instrument and the VLA. Several filters were used to sample various wavelengths/frequencies. The color results from assigning different hues (colors) to each monochromatic (grayscale) image associated with an individual filter. In this case, the assigned colors are:F814W (I)orangeF606W (V)blueVLA C Band Low (4-6 GHz)redVLA C Band High (6-8 GHz)greenVLA X Band Low (8-9 GHz)blue	



Hubble Space Telescope (visual light) 
+ VLA – Very Large Array (radio light) 

Presenter
Presentation Notes
Hercules A, 2.1 Milliarden LichtjahreThe galaxy is roughly 1,000 times more massive than the Milky Way and harbors a 2.5-billion-solar-mass central black hole Jets: 1.5 Mio LichtjahreObject Name:Hercules A, Herc A, 3C 348Object Description:Active Galaxy; Radio GalaxyPosition (J2000):R.A. 16h 51m 08s.15Dec. +04° 59' 33".32Constellation:HerculesDistance:2.1 billion light-years (637 million parsecs or redshift z = 0.156)		About the Data	Data Description:The image was created from Hubble data from proposal 13065: S. Baum and C. O'Dea (Rochester Institute of Technology) and J. Stoke and F. Lo (Associated Universities, Inc.).Instrument:WFC3/UVISExposure Date(s):October 8, 2012Exposure Time:1 hourFilters:F606W (V) and F814W (I)	About the Release	Notes:The VLA data are from the National Radio Astronomy Observatory observation project TDEM0011: R. Perley, W. Cotton, and U. Rao (NRAO/AUI/NSF). These data were taken August 2010 through September 2011. Frequencies 4-9 GHz were measured.Credit:NASA, ESA, S. Baum and C. O'Dea (RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and the Hubble Heritage Team (STScI/AURA)Release Date:November 29, 2012Color:This image is a composite of separate exposures acquired by Hubble's WFC3 instrument and the VLA. Several filters were used to sample various wavelengths/frequencies. The color results from assigning different hues (colors) to each monochromatic (grayscale) image associated with an individual filter. In this case, the assigned colors are:F814W (I)orangeF606W (V)blueVLA C Band Low (4-6 GHz)redVLA C Band High (6-8 GHz)greenVLA X Band Low (8-9 GHz)blue	



© MPE Garching (Genzel, Gillessen, …) 








Feeding the Black Hole:  
Hot Gas Emitting X-rays  

Wang et al. (2013) 

Sgr A* - zoomed view 

extended emission 

Region around Sgr A* 

X-rays, Chandra, 1-9 keV band 
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(A) An image constructed with the XVP 0th-order ACIS-S/HETG data in the 1- to 9-keV band. The contours are at 1.3, 2.2, 3.7, 6.3, and 11 × 10−4 counts s−1 arc sec−2. North is up and east is to the left. The dashed circle around Sgr A* marks its Bondi capture radius (assumed to be 4″). (B) A magnified image of Sgr A*. The emission is decomposed into extended (color image) and pointlike (contour) components. The latter component is modeled with the net flare emission (26) and is illustrated as the intensity contours at 0.3, 0.6, 1.2, 2.4, and 5 counts per pixel. The straight dashed line marks the orientation of the Galactic plane, whereas the dashed ellipse of a 1.5″ semimajor axis illustrates the elongation of the primary massive stellar disk, which has an inclination of i ∼ 127°, a line-of-nodes position angle of 100° (east from north), and a radial density distribution ∝ r−2 with a sharp inner cutoff at r ≈ 1′′ (27).



Constraining the accretion rate onto the black hole close in 

Polarized radiation from Sgr A* 
propagates through dense, 
magnetized accretion region 
⇒Faraday rotation  ∝ ℓ×B×ne 

B, ne 

Rotation measure:  
∼ -5 x 105 rad m-2  
⇒Ṁ ≈ 10-8 Msun y-1  

Bower, HF et al. (1998-2001) 
Aitken et al. (2000) 

Marrone et al. (2007) 



First Galactic Center Pulsar: 
Probing Magnetic Fields 

• Close: ~2’’ from Sgr A*= 
Bondi Radius! 

• Young: Spin-down age ~ 
9000 yrs 

• Proper motion: co-rotates 
with stars 

• Polarization: almost 100% 
• Faraday Rotation from local 

plasma: RM=-66,960 +/- 50 
rad m-2 

⇒ Pulsars exist in GC 
⇒ Strong (~8mG) and 

ordered magnetic fields 
in accreting plasma 

Radio detection:  
Eatough, Falcke et al. (2013, Nature) 

Radio proper motions:  
Bower et al. (2015, ApJ) 

Sgr A* 

Bondi-Hoyle 
Accretion Radius 



Sgr A* Spectral Energy 
Distribution 

Yuan & Narayan (2013) 
  

Laccretion ~ ηṀc2 = (η/10%) ×10-8 Msun/yr c2 ~ 1038 erg/sec  
 

LSgr A*   ~ 1035 erg/sec ~30 Lsun ⇒ radiative efficiency η~10-3  
 

⇒ radiatively inefficient accretion and no surface  

L ~1035 erg/sec 



Sgr A* spectrum: jet + radiatively 
inefficient accretion flow (RIAF) 

radio             |  submm |  far & near-infrared 

Falcke, Mannheim, Biermann (1994) 
Falcke et al. (1998) 
Falcke & Markoff (2000) 

RIAF/ADAF 

Jet ~ Rs 



The submm-Bump: Event 
Horizon-Scale Emission 
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The Shadow of a Black Hole 

GR Model λ0.6mm VLBI λ1.3mm VLBI 

a=0.998 

I=r-2 

a=0 

I=const 

(Falcke, Melia, Agol 2000, ApJL) 



Very Long Baseline Array 
1.4 – 86 GHz 



European VLBI Network 



VLBI – Very Long Baseline Interferometry 
Resolution: smallest angular scale: ~λ/D 
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Inteferometer Principle 

- Each antenna-antenna baseline “draws” a ring on the sky 
- Interference between signals produces interferometry fringes  
- The superposition of the information of many baselines 
(fringes) “draws” the image. 

Distance between 
antenna 
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Inteferometer Principle 

Distance between 
antenna 

Slide: C. Tasse 

- Each antenna-antenna baseline “draws” a ring on the sky 
- Interference between signals produces interferometry fringes  
- The superposition of the information of many baselines 
(fringes) “draws” the image. 

With 100 % baseline coverage, the 
image would be perfect. Gaps will 
produce image artifacts. These 
gaps/artifacts are well-defined and can 
be “cleaned” from the final image. 

 



VLBI Images of Sgr A* 

• The shorter the wavelength, the smaller the radio source. 
• At low frequencies the structure is blurred by scattering with λ2-law. 
• At λ7 mm the radio source becomes slightly larger than the scattering. 

wavelength 

angular size 

wavelength (cm) 
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/λ
2 

Bower et al. (2004, 2008) 
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λ2
 



Intrinsic Radio Size of Sgr A* 

43 GHz 
(λ=7 mm) 

22 GHz 
(λ=1.3 cm) 
 

220 GHz 
(λ=1.3 mm) 

89 GHz 
(λ=3 mm) 
 

 3 Rs 

30 Rs 

300 Rs 
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g 
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Falcke & Markoff, Class. & Quant. Gravity (2013) 

1 mm 10 
mm 

0.1 mm 3 cm 
log Wavelength 

The higher the radio frequency – the closer to the black hole.  
At 230 GHz the emission comes from the event horizon scale.  

Doeleman et al. (2008) 

Shen et al. (2006) 

Bower et al. (2004) 

Shadow of event horizon 
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Two-dimensional structure of 
Sgr A*: fairly elongated 

• Accurate closure 
amplitude 
measurements of 
2D-size of Sgr A* 
with the VLBA. 

•  Size at 43 GHz:  
(35.4 ±0.4) Rs × 
(12.6±5.5) Rs  
at PA (95±4)° 

Bower et al. (2014, ApJ) 

3σ 
2σ 
1σ 
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In Figure 6, we show two-dimensional solutionsfor the intrinsic size for all sizes within the 3 error surface for which we calculated 2 values.The best-t size is 35:412:6RS in position angle 95 deg. Errors in the major axis size are0:4RS and in the minor axis size are +5:5 and 4:1RS. The position angle of the majoraxis has errors of +3 and 4 deg. The observed minor axis size is only  1 larger than thescattering axis, which eectively makes the measurement an upper limit on the intrinsic size.The 3 upper limit to the intrinsic minor axis size is 29RS. If Sgr A* were circular, then theobserved minor axis size would be 460 microarcseconds, which is more than 4 larger thanthe measured size. Note that none of the individual epochs show a minor axis size largerthan 400 microarcseconds. This demonstrates for the rst time at any wavelength that theimage of Sgr A* is not circular.



VLBA+LMT+GBT @ λ3mm 

📡 

📡 

📡 📡 
📡 📡 

~50 µarcsecond 
~10 Rg 

Model: 2 point 
sources  



Scattering  

Johnson & Gwinn (2015) 



Temporal vs. angular 
scattering 
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direct light path 

∆t (remote) ≪ ∆t (local) 
 
 
 
For the same angular broadening, a local 
screen has much more temporal broadening!  

Temporal broadening of pulses 
is due to scattered rays 
having a longer path. 



Radio Lags  
measured with ALMA & VLA 

Brinkerink et al. (2015, A&A) 
See also Yusef-Zadeh et al. (2009) 

 

Higher frequencies, lead lower frequencies 
delay is 30 – 90 min, size is ~1 light hour 

⇒ relativistic outflow 
 

Flux evolution at different frequencies 
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event 
horizon 

Light  
Rays 

Photon 
Orbit 

math-it.org 

Gravitational Light Bending  
Near the Black Hole 

Circular photon orbit: Bardeen (1973) 
“star behind black hole” 



Shadow Industry: 
Different Spacetimes 

Falcke & Markoff, Class. & Quant. Gravity (2013, review) 
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The δ = 2 Tomimatsu–Sato spacetime is a stationary, axisymmetric and asymptotically flat exact solution of the vacuum Einstein equations. We compare the associated shadow with the one of Kerr black holes. The shape of the shadow in the δ = 2 Tomimatsu–Sato spacetime is oblate and the difference between the two axes can be as high as 6% when viewed on the equatorial plane. We argue that future space sub-mm interferometers (e.g. VSOP-3) may distinguish the two cases, and thus are able to test the cosmic censorship conjecture.Inphysics, Kaluza–Klein theory (KK theory) is a unified field theory of gravitation and electromagnetism built around the idea of a fifth dimension beyond the usual 4 of space and time. The five-dimensional theory was developed in three steps. The original hypothesis came from Theodor Kaluza, who sent his results to Einstein in 1919,[1] and published them in 1921.[2] Kaluza's theory was a purely classical extension of general relativity to five dimensions. The 5-dimensional metric has 15 components. 10 components are identified with the 4-dimensional spacetime metric, 4 components with the electromagnetic vector potential, and one component with an unidentified scalar field sometimes called the "radion" or the "dilaton". Correspondingly, the 5-dimensional Einstein equations yield the 4-dimensional Einstein field equations, the Maxwell equations for the electromagnetic field, and an equation for the scalar field. Kaluza also introduced the hypothesis known as the "cylinder condition", that no component of the 5-dimensional metric depends on the fifth dimension. Without this assumption, the field equations of 5-dimensional relativity are enormously more complex. Standard 4-dimensional physics seems to manifest the cylinder condition. Kaluza also set the scalar field equal to a constant, in which case standard general relativity and electrodynamics are recovered identically.In 1926, Oskar Klein gave Kaluza's classical 5-dimensional theory a quantum interpretation,[3][4] to accord with the then-recent discoveries of Heisenberg and Schroedinger. Klein introduced the hypothesis that the fifth dimension was curled up and microscopic, to explain the cylinder condition. Klein also calculated a scale for the fifth dimension based on the quantum of charge.The Taub–NUT space (/tɑːb nʌt/[1] or /tɑːb ɛnjuːˈtiː/) is an exact solution to Einstein's equations, a model universe formulated in the framework of general relativity.The Taub–NUT metric was found by Abraham Haskel Taub (1951), and extended to a larger manifold by E. Newman, L. Tamburino, and T. Unti (1963), whose initials form the "NUT" of "Taub–NUT".Taub's solution is an empty space solution of Einstein's equations with topology R×S3 and metricwhereand m and l are positive constants.Taub's metric has coordinate singularities at U=0, t=m+(m2+l2)1/2, and Newman, Tamburino and Unti showed how to extend the metric across these surfaces.



2D GR MHD Simulations 

Brinkerink, Falcke, Moscibrodzka, Gammie (in prep.)  

shows particle density 
 

code: harm2d (Gammie) 
 

starting with magnetized(poloidal)  torus 
 






BlackHoleCam 
Sgr A* 3DGRMHD with isothermal jet 

Moscibrodzka & Falcke (2013, 
A&AL) 

b d k   l  (  ) 

43 GHz 
60° 

230 GHz 
60° 

Jet: Tp/Te=1 
Disk: two-temperature ADAF (Tp/Te>>1) 



Effect of Scatter Broadening 

 λ3.5 mm λ7 mm λ1.3 mm 

scatter broadened  
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VLBI beam 



Black Hole Parameter Fitting 

Loeb et al. (2014) 



BlackHoleCam 
Event Horizon Telescope 

CARMA 

SMA/JCMT 

SMT 

APEX/AL
MA 

SPT 

IRAM PdB 
(NOEMA) Create a virtual 

radio telescope the 
size of the earth, 
using the shortest 

wavelength. 

LMT 

Pico Veleta 

Data 
Combiner 

(Correlator) 

Very Long Baseline Intererometry at mm-waves (mmVLBI) 

simulated 
VLBI images 

face-on 

edge-on 

2015:  
• SPT-APEX fringes 
• JCMT-LMT 
• ALMA phasing  
• CARMA dismantled  
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Max basel. 4600kmIn principle standard technique, operational for decades at lower frequencies, used in astrophysics to get the highest resolution images and in geodesy (to measure things like plate tectonics and irregular pole wandering of the earth). Still experimental at high-frequency telescopes that can observe at frequencies where we can see all the way donw to the event horizon.Important additionsALMA = 50 times single dishes, sensitivity increases per baseline, by factor Sqrt(50)=7!IRAM PdB: 6x15m antennas -> double to 12 ant., double sensitivity + more BW.NOEMA: 2120 qm, ALMA(50) 5654 qm -> factor 3 more sens. 20µas = 10^-10



BlackHoleCam 
EHT Interim Board formed 

ASIA 

USA 

Europe 

Mexico 

Event Horizon Telescope 



BlackHoleCam 
The “Black Hole Camera” 

receiver 
up/down 
converter 

digital backend 
(A/D 

converter+proce
ssing) 

R2DBE/DBBC3 

4 x 16 Gb/s 
data recorder 

IRAM Plateau de Bure Interferometer – France 

Remote- 
controlled 
rack units 

Digital revolution:  
128 Mbit/s→2 Gbit/s→64 Gbit/s 
more bandwidth=more sensitivity. 

receiver 

BH image pulsar signal 

period search 

atomic 
clock 

(maser) 

Last campaign: March 20-30, 2015 
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Receiver = ALMA band 6 receiverBig improvement here: going from 2-64 Gbit!SNR increases with Sqrt(BW) – hence factor 5.6 by going from 2 – 64 Gbit and factor (22 overall, since 90ies)2n effect: atmosphere needs to be stable over a few secondsNow of an entire night observing only a few scans = 5 mins are actually usable,i.e., 1% effective observing time (dirty secret!). So, you get more scans, more observing times, more sensitivity.If observing efficiency grows to 10-20%, you get a facto5 4.5 exra, hence factor 25  in totalTimes factor 7 from Alma (sqrt(50)) on each baseline In total up to factor 130 is possible!!!Instead of paying cash for time: we will provide a support scientist for every telescope to make sure the system runs when it is needed!  Successfully pioneered by MK.Hired project manager, who was head of operations an associate director at a submm telescope in Haway and who was involved in all of these mmVLBI experiments on Sgr A* - actually at the telescope. He will train and steer these people. 



BlackHoleCam 
EHT Closure phases at 1 mm 

all-years closure phases - 
Median cl.-phase: +6° 

Hawaii-California-Arizona 

allowed point 
source offsets 

Shadow  
size Fish et al. (2016, ApJ subm.) 

See also “Polarization on EH scales”: 
Johnston et al. (2015, Science) 

Event Horizon Telescope 



1.3mm EHT with APEX 

Lu, Krichbaum et al., in prep. 



1.3mm EHT with APEX 

Lu, Krichbaum et al., in prep. 



1.3mm EHT with APEX 

Lu, Krichbaum et al., in prep. 

2-Gaussian model 

MEM image 

Very preliminary!!  
Do not over-interpret! 



BlackHoleCam 
VLBI with Africa mm-telescope? 

Earth seen from Sgr A* 

A dedicated African cm and mm-VLBI telescope for EHT/BHC, 
 EVN, & SKA. investment cost: ~8 M€ + operations … 



BlackHoleCam 
Gamsberg – 2347 m 

Owned by Max-Planck 
Gesellschaft 



Conclusions 
• Black holes used to be purely theoretical concepts – now our daily 

bread. 
• The radio source Sgr A* is currently the best candidate: 

– mass and distance are accurately determined 
– sub-mm wave radio emission comes from event horizon scale 

• If  event horizon exists, it will cast shadow on emission region. 
• The black hole shadow can be detected with mm-VLBI … soon (!?) 

– Broad-band 2015, SouthPole and Alma join in 2017+ … 
• Pulsars could give extreme precision (~10-6 in mass, 0.1% spin) 
• This will  

– confirm that black holes and event horizons exist 
– test GR and also modified GR 
– allow comparison with simulations and probe accretion & jet 

physics 
⇒ black hole astrophysics becomes testable science! 
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